A two-stage sintering practice was applied to W3.99Ni1.71Fe (mass%) to control its microstructural evolution and, accordingly, mechanical properties under high strain rates. Unlike the traditional one-stage liquid phase sintering, the alloy was first solid-state-sintered to close to full densification, and then liquid-phase-sintered by induction heating where the cooling rate was fast. With the two-stage sintering, the growth of tungsten grains and the contiguity of tungsten grains could be closely tailored, and a high dissolved tungsten concentration in the matrix phase could be maintained. All of these microstructural characteristics led to enhanced mechanical properties of this alloy tested under high strain rates.
Introduction
Tungsten heavy alloys are liquid-phase-sintered, typically using slow heating and slow cooling thermal cycles. A close to fully dense structure can be achieved in solid state sintering. 1, 2) Formation of a liquid phase at higher temperatures causes spheroidization and significant growth of tungsten grains.
35) A slow cooling process promotes the precipitation of W(Ni,Fe) intermetallic compounds along the interfaces between tungsten grains and the matrix phase, which is responsible for the decreased ductility of tungsten heavy alloys. 6, 7) Accordingly, a secondary heat treatment, by isothermal holding at a high temperature and then fast cooling, is applied to the sintered alloys to enhance the ductility of the alloys, by dissolving the intermetallic compounds into the matrix. 8, 9) The other limitation of liquid-phase-sintered tungsten heavy alloys is the fast growth of tungsten grains, which resulted in the decreased contiguity of tungsten grains and decreased dissolved concentration of tungsten in the matrix phase. 10) Accordingly, elements such as Mo were added to reduce the growth rate of tungsten grains, and increase the total dissolved concentration of W and Mo in the matrix phase, which substantially increased the strength of the alloys. 11) However, a high concentration of Mo in the matrix phase was prone to cause the precipitation of intermetallic compounds along the boundaries between tungsten grains and matrix phase during cooling from the sintering temperature. 12) One of the applications of tungsten heavy alloys is kinetic energy penetrator, where a strain rate as high as 8000 s ¹1 can be achieved. 13) In a high strain rate collision, a large portion of the dynamic energy of the kinetic energy penetrator is converted into heat by an adiabatic process. 14) Since tungsten heavy alloys are typically composed of tungsten grains dispersed in a nickel-based matrix, their microstructures, in terms of tungsten grain size, contiguity of tungsten grains, dissolved concentration of tungsten in the matrix, and the precipitation of intermetallic compounds along the interface between tungsten grains and matrix phase can dictate the performances of the alloy at high strain rates. 15, 16) In this study, a two-stage sintering practice, composed of a first stage solid state sintering to close to full density and then a second stage fast heating and cooling by induction heating process, was employed to control the microstructure of W3.99Ni 1.71Fe (mass%) alloy. The isothermal hold time at the induction heating temperature was varied to control the microstructural evolution. The two-stage sintered specimens were compared with the traditional one-stage liquid phase sintered specimens in the evolution of microstructure as well as high strain rate testing.
Experimental Procedures
A tungsten heavy alloy composed of W3.99Ni1.71Fe (mass%) was prepared using elemental powders, whose specifications are shown in Table 1 . The powders were first dry-milled using stainless steel balls, and then wet-milled by the addition of a paraffin wax-heptane solution for 57600 s. The powder slurry was then dried and granulated. Specimens with dimensions of 8 mm in diameter and 8 mm in height were pressed at 200 MPa. The specimens were then sintered in a tube furnace using a hydrogen atmosphere, followed a thermal profile shown in Fig. 1 . Three main groups of . The fracture structures of the specimens were analyzed by SEM. Figure 2 shows the DTA patterns of heating and cooling of a powder specimen. It can be observed that the slope of the pattern during heating changed dramatically at about 1373 K, and reached an endothermic peak at 1519 K. This large peak was associated with the decomposition of NiW based and FeW based intermetallic compounds, which formed in the particle contacts between W and Ni, and W and Fe. 17) At temperatures higher than 1673 K, a dramatic increase in slope was observed, which ended up with a large endothermic peak at 1716 K, associated with the formation of a liquid phase. During cooling, in addition to an exothermic peak of solidification of the liquid phase at 1659 K, there were several peaks associated with the precipitation of intermetallic compounds, with 1441 K being a main peak for the precipitation of an intermetallic compound. Such an observation indicated that formation of intermetallic compounds by the ordering of the matrix phase could be easily induced in a slow furnace cooling condition.
Results and Discussion
Figures 3 and 4 respectively show the variations of sintered density and microstructure of this heavy alloy with sintering temperature, for a traditional one stage sintering process with an isothermal hold of 900 s at the sintering temperature. Obviously, a close to full density had been achieved at a sintering temperature of 1673 K, whose microstructure clearly indicated that it was still in a solid state sintering process. On the other hand, liquid phase sintering took place at a sintering temperature of 1723 K, and growth of tungsten grains was significant. Figure 5 shows the microstructures of the specimens that were first sintered at 1673 K for 900 s to achieve a close to full density structure and subsequently induction heating to 1743 K for 60, 180, 300 or 420 s, respectively. Clearly, formation of a liquid phase caused the spheroidization and growth of tungsten grains. Some black spots within the tungsten grains are nickel-based solid solution entrapped inside the large tungsten grains, during the growth of tungsten grains. A plot of the mean grain size versus isothermal hold time at 1743 K is shown in Fig. 6 in both a linear scale and a log to log scale. It can be found that the mean grain size for an isothermal hold of 420 s at 1743 K is smaller than that for an isothermal hold of 900 s at 1723 K by a one-stage sintering process. The slope in the linear scale plot, which is the grain growth rate, shows that there are two dramatically different grain growth rates in the second stage of sintering. The grain growth rate becomes very fast for an isothermal hold time larger than 300 s. From the loglog plot, the exponent of grain size in a power equation of grain growth 18, 19) showed that there were possibly two mechanisms controlling the grain growth. The exponents of grain size in grain growth equation were 4.7 and 0.6, respectively, for the first portion and second portion of the isothermal hold. In power equation of grain growth, 18, 19) an exponent of 2 is an interface control mechanism of grain growth, while an exponent of 3 is a diffusion control mechanism of grain growth. Thus, the grain growth data obtained in this study did not fit in any one of these two mechanisms, but the dramatic change in grain growth rate with increase in grain size could be seen. The growth of tungsten grains subsequent to the formation of the liquid phase could be closely controlled only in the first portion of this plot, i.e., a very short time subsequent to the formation of the liquid phase. Figure 7 shows the variations of matrix area percentage in a two dimensional microstructure examination, contiguity of tungsten grains, and dissolved concentration of tungsten in the matrix with isothermal hold time at 1743 K for the twostage sintered specimens. Also included in this plot are the values of the specimens sintered at 1673 and 1723 K for 900 s, respectively. The contiguity is measured metallographically using the number of intercepts per unit length of test line N, it is defined by the following equation:
Where subscript SS represents the solid-solid intercepts, and SL represents the solid-matrix intercepts.
With the gradual penetration of the liquid phase into the boundaries of tungsten grains, the area percentage of the matrix phase increased while the contiguity of tungsten grain decreased. However, the dissolved concentration of tungsten in the liquid phase increased in the first portion of the isothermal hold as penetration of the liquid phase into the interfaces between tungsten grains was the predominant event. With tungsten grains grew by a different mechanism in the second portion of the hold, i.e., for an isothermal hold from 300 to 420 s, the dissolved concentration of tungsten in the liquid phase decreased with increase in tungsten grain size, which is in accordance with a thermodynamic rule. 21) In such a condition, the grain growth rate became very fast, as shown in Fig. 6 . Nevertheless, the dissolved concentration of tungsten in the matrix phase for an isothermal hold of 420 s (11.9 at%) was relatively larger than that sintered at 1723 K for 900 s by one-stage sintering (9.4 at%). In comparison, the strength of tungsten heavy alloys could be enhanced substantially by the addition of 8 mass% Mo, but the combined dissolved concentration of W and Mo in the matrix phase was only 11.7 at% in a one-stage sintering practice. 22) As the mean grain size of the specimen sintered at 1723 K for 900 s by one-stage sintering was very close to that of the specimen sintered at 1743 K for 420 s by a two-stage sintering process, but their dissolved concentrations of tungsten in the matrix differed dramatically, the high cooling rate for the two-stage sintering practice minimized the reprecipitation of tungsten atoms from the liquid phase onto the tungsten grains during cooling. In fact, re-precipitation of tungsten atoms from the liquid phase onto the tungsten grains was responsible for the formation of intermetallic compounds along the interfaces between the matrix phase and tungsten grains. 23) Thus, it can be concluded that the dissolved concentration of tungsten in the matrix could be maintained at a higher concentration by a fast cooling condition, which is beneficial to the strengthening of tungsten heavy alloys, by solid solution hardening the matrix phase and avoiding the interfacial precipitation of brittle intermetallic compounds. Such effects are superior to adding elements such as Mo to these alloys, as addition of Mo not only contributed to a slightly higher combined dissolved concentration of W and Mo in the matrix phase, but also led to the precipitation of brittle intermetallic compounds in the interfaces between the matrix phase and tungsten grains. Figure 8 shows the variations of ultimate flow stress and hardness with sintering conditions, tested at different strain rates. The hardness values in this figure were obtained after the specimens were tested at high strain rates. The values of the as-sintered specimens were also plotted in this figure as the references. The ultimate flow strength and hardness of the alloy increased with increase in the strain rate, a common phenomenon of strain hardening effect. A highest ultimate flow stress and a highest hardness value were obtained for the specimen sintered at 1743 K for 60 s. The ultimate flow stress at a strain rate of 7100 s ¹1 was as high as 2105 MPa, while that at a strain rate of 0.1 s ¹1 was only 1227 MPa. The hardness of the specimen after testing at a strain rate of 7100 s ¹1 was as high as 497 kgf/mm 2 , while that of the assintered specimen was only 343 kgf/mm 2 . In comparison, for the specimen sintered at 1723 K for 900 s by one-stage sintering, the ultimate flow stress at 7100 s ¹1 was 1925 MPa and the hardness after this high strain rate testing was 470 kgf/mm 2 . Both of the solid solution hardening to the matrix phase by the high dissolved concentration of W and the strain hardening effect contributed to the enhanced flow stress and hardness of the alloy. Thus, for high strain rate applications, the microstructure of the alloy could be tailored by this two-stage sintering approach to achieve a small mean grain size, a slightly large contiguity of tungsten grains, a high dissolved concentration of tungsten in the matrix phase, and a low precipitation tendency of intermetallic compounds. Figure 9 shows the variation of strain rate sensitivity with true strain. The strain sensitivity is defined by the following equation.
In which ¢ is the strain rate sensitivity, · is the stress, and _ ¾ is the strain rate. The strain rate sensitivity of the alloy at high strain rate testing decreased with increase in the true stain, indicating that the strain hardening effect gradually decreased with increase in true strain. As an adiabatic process was assumed in high strain rate testing, 25) the strain hardening effect of a high strain testing was counter-balanced by heat softening of the alloy during testing. Figure 10 shows a polished surface near the fracture path of the alloy sintered at 1743 K for 60 s. Fracture predominantly propagated along a plane of 45°tilted from the testing direction. Nevertheless, change in the fracture direction by about 90°was also observed, which is beneficial to the absorption of impact energy. The fracture path propagated mainly in the matrix phase or the interface between the matrix phase and the tungsten grains. The tungsten grains mainly experienced plastic deformation, ascribed to heat softening, and transgranular fracture of the tungsten grains could hardly be found in the microstructure, due to refined grain size. Avoiding the trans-granular fracture of tungsten grains led to the facture path to propagate in a zigzag manner. Therefore, by applying a two-stage sintering process to tungsten heavy alloys can closely tailor the microstructural evolution of the alloys. The matrix phase is thus strengthened, due to a higher concentration of tungsten in the matrix, refined grain size, and a slightly higher contiguity value of tungsten grains. All of these factors could lead the fracture path to propagate irregularly in a zigzag manner, which would accordingly increase the strength of the tungsten heavy alloys. 
Conclusions
A two-stage sintering practice, wherein an induction heating was used to induce liquid phase sintering and a fast cooling rate in the second stage, was applied to a tungsten heavy alloy composed of W3.99Ni1.71Fe (mass%). With such an approach, a microstructure with refined tungsten grains and a high dissolved concentration of tungsten in the matrix phase could be tailored. Substantial solid solution hardening of the matrix phase could be attained. Due to these two effects, under a high strain rate testing, the fracture path primarily propagated in the matrix phase or along the interfaces between the matrix phase and tungsten grains, while the refined tungsten grains also experienced plastic deformation. Therefore, the strength of the alloy was significantly enhanced at high strain rate testing.
